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Corneal keratocytes have a remarkable ability to heal the cornea throughout life. Given their developmental origin from the cranial neural crest,
we asked whether this regenerative ability was related to the stem cell-like properties of their neural crest precursors. To this end, we challenged
corneal stromal keratocytes by injecting them into a new environment along cranial neural crest migratory pathways. The results show that
injected stromal keratocytes change their phenotype, proliferate and migrate ventrally adjacent to host neural crest cells. They then contribute to
the corneal endothelial and stromal layers, the musculature of the eye, mandibular process, blood vessels and cardiac cushion tissue of the host.
However, they fail to form neurons in cranial ganglia or branchial arch cartilage, illustrating that they are at least partially restricted progenitors
rather than stem cells. The data show that, even at late embryonic stages, corneal keratocytes are not terminally differentiated, but maintain
plasticity and multipotentiality, contributing to non-neuronal cranial neural crest derivatives.
D 2005 Elsevier Inc. All rights reserved.Keywords: Cornea; Neural crest; Keratocyte; DifferentiationIntroduction
The cornea is a transparent tissue located at the anterior-most
surface of the eye that transmits and refracts light to the retina.
Corneal keratocytes are able to heal wounds and, throughout life,
can regenerate the cornea after injury or surgery. However, little
is known about the relationship between the early development
of the cornea and its subsequent plasticity and ability to
regenerate after wounding.
In all vertebrate embryos, the cornea is initially comprised of
a layer of ectoderm overlying the lens. In the chick embryo,
development of the cornea begins at embryonic day 3 (E3) when
the optic cup and lens induce the overlying ectoderm to
synthesize an acellular primary stroma consisting of collagen
fibrils (Hay and Revel, 1969; Hendrix et al., 1982; Fitch et al.,
1988). This is followed at E4 by a wave of invasion of neural
crest mesenchyme that form an endothelial layer on the inner
surface of the corneal primary stroma, adjacent to the lens.
Shortly thereafter, a second wave of neural crest cells invades
and contributes to the primary stroma (Hay, 1980; Hay and
Revel, 1969).0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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differentiate into keratocytes by E6 and begin to synthesize
and secrete an extracellular matrix composed of collagens I, V
and VI and proteoglycans (Hart, 1976; Hay et al., 1979;
Linsenmayer et al., 1983, 1986; Funderburgh et al., 1986). As
maturation proceeds, the stroma dehydrates becoming thin and
transparent, containing flattened and interconnected keratocyes
(Jester et al., 1994). In normal corneas, keratocytes appear
quiescent but can resume migration, mitosis, wound healing
and repair after injury.
A major problem in corneal repair is that improper healing
can result in formation of scar tissue (Rawe et al., 1992;Melles et
al., 1995), suggesting that wound repair does not necessarily
reiterate the normal process of development. Therefore, under-
standing the developmental potential of differentiated corneal
stromal cells is important for understanding the mechanisms of
repair. However, little is known about the relationship between
corneal stromal cells and the neural crest precursors from which
they are derived. One interesting possibility is that the
regenerative ability of the cornea is related to the stem cell-
like properties of neural crest cells.
To examine this relationship, we have utilized quail/chick
chimeric grafts to follow the invasion of the cornea by
neural crest precursors and their differentiation over time.88 (2005) 284 – 293
www.e
P.Y. Lwigale et al. / Developmental Biology 288 (2005) 284–293 285We then asked whether these cells retain multipotentiality
following overt differentiation as keratocytes. To this end, we
challenged the developmental potential of neural crest-derived
corneal stromal keratocytes by transplanting them onto early
neural crest migratory pathways. In their new environment, these
cells appeared to migrate but failed to intermix with nascent
neural crest cells. Moreover, the stromal keratocytes down
regulated keratan sulfate proteoglycan (KSPG) expression and
differentiated into multipotent progenitors with the ability to
form some neural crest derivatives such as smooth muscle and
myofibrils in addition to corneal keratocytes and endothelial
cells. However, they failed to form all neural crest derivatives
and did not give rise to tissues of other origin. The results show
that corneal keratocytes are highly plastic even after overt
differentiation and this may contribute to their ability to
efficiently heal wounds throughout life.
Materials and methods
Embryos
Fertilized White Leghorn chick (Gallus gallus domesticus) and Japanese
quail (Coturnix coturnix japonica) eggs were obtained from commercial
sources. Chick eggs were incubated at 38-C for 30 h to obtain 5- to 7-somite
(HH stages 8–9, Hamburger and Hamilton, 1951) embryos. Quail eggs wereFig. 1. Schematic diagram (A) illustrating the methods of dorsal neural tube transp
showing the resultant contribution of QCPN-positive quail-derived neural crest cel
crest are located in the periocular region surrounding the primitive lens. At E4.5
such that by E5 (D), they have formed an inner layer called the endothelium. By E
by E7 (F), all layers of the cornea are formed with the endothelium and stroma
body; En, endothelium.incubated at 38-C for 27 h to obtain 7-somite (HH stage 9) embryos.
Embryos were prepared as previously described (Lwigale, 2001). Briefly,
chick eggs were windowed and the vitelline membrane was removed from the
region of surgery using pulled glass needles. Quail-donor embryos of similar
developmental stages were lifted from the eggs using filter paper rings, rinsed
and kept at room temperature in sterile Ringer’s solution until needed.
Quail-chick grafts
To track neural crest contribution to the cornea at various stages of
development, dorsal neural tube explants were ablated from the region
between caudal diencephalon and rhombomere 1 of chick hosts and replaced
with quail dorsal neural tubes of similar region (Fig. 1A). Eggs were sealed
with Scotch tape and chimeric embryos were reincubated for an additional
3–6 days.
Stromal cell isolation and injections
Corneas were dissected under sterile conditions from E7 to E16 (period
after formation of the secondary stroma until just before hatching) quail
embryos. On average, 100 corneas were used for each cell preparation.
Trimmed corneas were digested with dispase (Roche, IN) for 15 min then
rinsed in Ringers solution with 0.1% bovine serum albumin (BSA). The corneal
epithelial cell layer was peeled away using fine forceps then the endothelium
was gently scraped away leaving only the stroma. Stromal keratocytes were
isolated as described by Conrad (1970). Briefly, stromal tissues were digested
with 0.25% collagenase (Worthington, NJ) in Ringer’s solution for approxi-
mately 0.5–2 h (depending on tissue age) until all the collagen matrix encasinglantation from quail to chick embryos and sections through chimeras (B–F)
ls (red) to the cornea at various developmental stages. At E3 (B), quail neural
(C), neural crest cells have begun migrating between the lens and epithelium
6 (E), neural crest are migrating between the epithelium and endothelium and
being of neural crest descent. L, lens; Ep, epithelium; St, stroma; Cb, ciliary
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corneal stromal keratocytes was passed through a 70-Am cell strainer (Falcon,
MA) then span down at 2000 rpm. The cell pellet was then washed 3 times with
large volumes of Ringer’s solution containing 0.1% cell culture tested BSA
(Sigma, MO) then re-suspended in 1–2 Al of Ringer’s + 0.1% BSA and kept on
ice until needed. On each occasion two corneas were randomly picked for
sectioning and immunostaining.
Stages 8–9 chick embryos were prepared as described earlier. Freshly
isolated stromal keratocytes were injected under the ectoderm alongside either
side of the dorsal neural tube extending from the region of the caudal
diencephalon to the hindbrain (Fig. 2B). Injected embryos were re-incubated
for 0 h up to 15 days.
In vitro cell culture
Isolated stromal keratocytes were resuspended and plated in Dulbecco’s
Modified Eagle Medium-F12 (GIBCO, MD) supplemented with 10% fetal
bovine serum (GIBCO, MD), and antibiotics consisting of 100 Ag/ml penicillin
and 100 Ag/ml streptomycin. Cells were then plated and cultured in vitro for 3
h up to 4 days then fixed with 4% paraformaldehyde (PFA) for 30 min at room
temperature and prepared for immunostaining.
Antibodies and immunostaining
Following over night fixation in 4% PFA at 4-C, experimental embryos
were cryosectioned at 8–10 Am then prepared for immunostaining using
standard protocols. The fixed cell cultures and cryosections were rinsed in
phosphate buffered solution containing 0.1% triton-X (PBT); then blocked with
antibody buffer (PBT containing 0.2% BSA and 5% heat-inactivated goat
serum). Quail-specific nucleus marker-QCPN (IgG1, Hybridoma Bank, Iowa
City, IA. [DHSB]) was used diluted 1:1 to identify all quail-derived cells,
mouse anti-keratan sulfate proteoglycan-I22 (IgG1, Funderburgh et al., 1986)
was used diluted 1:100 to label corneal stromal cells, HNK-1 (IgM) was used
diluted 1:50 to label migrating neural crest cells, h-tubulin antibody-TUJ1
(IgG2a, BABCO) was used diluted 1:1000 to label neurons, Rabbit anti-
collagen II (IgG, BABCO) was used diluted 1:1000 to detect cartilage. Mouse
anti-MF20 (IgG2b, DHSB) against myosin heavy chain was used diluted 1:3 to
label ciliary and cardiac muscles. Smooth muscle actin-SMA (IgG2a, Sigma)Fig. 2. Isolation of stromal keratocytes and injection into chick host or in vitro cultur
N-cadherin staining (red) of the endothelium and DAPI staining (blue) of all laye
stromal keratocytes. (C–D) Section through stage 9 chick immediately after injection
and I22-positive (green). Arrow in panel D indicates HNK-1-positive migrating
approximately 3 h showing perinuclear staining of QCPN (red), cytoplasmic stainwas used diluted 1:1000 to label smooth muscle lining of blood vessels. Rat
anti-N-cadherin (IgG, DHSB) was used diluted 1:3 to label the corneal
endothelial cell layer and rabbit anti-phosphohistone-H3 (Upstate Biotechnol-
ogy, NY) was used diluted 1:1000 to label mitotic cells. Following overnight (1
h at room temperature for cells) incubation in antibody solution, sections and
cell culture were extensively rinsed in PBT, blocked, and then incubated in
secondary antibodies. The following secondary antibodies (Molecular Probes)
were used at 1:200; Alexa 594 goat anti-mouse IgG1, Alexa 488 goat anti-
mouse IgG1, Alexa 350 goat anti-mouse IgM, Alexa 488 goat anti-rat IgG,
Alexa 488 goat anti-rabbit IgG, Alexa 488 goat anti-mouse IgG2a, Alexa 350
goat anti-rabbit IgG, and Alexa 350 goat anti-mouse IgG2b. Some sections
were counterstained with DAPI to show all nuclei. Slides were cover-slipped
with Perma Flour (Immunon, PA.) and fluorescent images were captured using
a Zeiss Axiocam mounted on a Zeiss Axioskop 2 microscope. Images were
processed and assembled using Adobe Photoshop 7.0 (Adobe Systems Inc.,
CA).Results
Neural crest contribution to the cornea during development
Early studies of corneal development have shown that
cranial neural crest cells contribute to the corneal endothelium
and stroma (Noden, 1978; Johnston et al., 1979; Hay, 1980;
Trainor and Tam, 1995). However, the precise contributions of
the neural crest as a function of time have not been
documented. To better understand the timing of corneal
development and differentiation, we examined invasion of
the cornea by neural crest cells at various times by quail/chick
cell marking techniques. To this end, the dorsal neural tube of
HH stage 9 quail (extending from the caudal diencephalic
region to rhombomere 2) was transplanted isotopically into
stage-matched chick embryos (Fig. 1A). Chimeras were
collected from stages prior to neural crest invasion of the eyee. (A) Sections through E10 cornea showing I22 staining (green) of the stroma,
rs. (B) Schematic diagram showing isolation, in vitro culture and injection of
s adjacent to the neural tube; quail stromal keratocytes are QCPN-positive (red)
chick neural crest cells (blue). (E) Stromal keratocytes cultured in vitro for
ing of I22 (green), and nuclear staining of DAPI (blue).
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derived cells were recognized using the quail nucleus-specific
QCPN antibody.
By E3, numerous QCPN-positive neural crest cells were
visible throughout the periocular mesenchyme (Fig. 1B), and in
fact made up most of the mesenchyme. These cells appeared to
pause at the edge of the forming retina, and failed to move
between the ectoderm and lens. They remained in this location
for about 1 day, but by E4.5 were observed invading the space
between the lens and presumptive corneal epithelium (Fig. 1C).
By E5 (Fig. 1D), they formed a monolayer of QCPN-positive
cells representing the corneal endothelium, localized between
the corneal epithelium and lens. Subsequently (E6), QCPN-
positive cells (Fig. 1E) were situated in the space between the
epithelium and endothelium, forming the corneal stroma. By
E7 (Fig. 1F), all cellular layers of the cornea have formed, with
neural crest giving rise to the endothelial and stromal cell
layers but not to the corneal epithelium. In addition to the
cornea, neural crest cells also contributed to other ocular tissues
such as the ciliary body (Fig. 1F).
At E6, neural crest-derived cornea stromal cells begin to
express KSPG, as observed by immunostaining with the I22
antibody (Funderburgh et al., 1986). Staining for this proteo-
glycan is observed subsequently in the stroma throughout
development and continues into adulthood. The adhesion
molecule N-cadherin (Fig. 2A) serves as a molecular marker
that distinguishes the neural crest-derived corneal endothelium
(Reneker et al., 2000).
Isolation and transplantation of stromal keratocytes
Corneal stromal keratocytes were isolated from embryonic
quail cornea from a variety of stages (E7–E16). Because
similar results were obtained with keratocytes isolated just
after the secondary stroma is formed (E7) up to just before
hatching, when the eyelids are open and the cornea is
compacted (E16), the bulk of experiments were performed
using E10 corneas. Prior to dissociation, two corneas were
randomly chosen (from each batch of approximately 100),
sectioned and immunostained. The remaining corneas were
trimmed and the epithelium and endothelium removed. The
cells were then dissociated, put into suspension and either
injected directly into embryos or put into tissue culture. The
I22 antibody, which labels the corneal stroma (Fig. 2A,
Funderburgh et al., 1987), was used as a marker of
differentiated keratocytes.
To challenge their developmental potential, quail corneal
keratocytes were injected bilaterally into the cranial mesen-
chyme adjacent to the neural tube of E1.5 (stage 9) chick
embryos (Fig. 2B). In embryos fixed immediately after
injection (0 h, n = 5), aggregates of QCPN-positive cells were
observed on either side of the neural tube (Fig. 2C). These cells
expressed the I22 antigen (Fig. 2D), but did not stain with the
neural crest marker, HNK-1. As endogenous neural crest cells
initiated migration, injected stromal keratocytes were located
adjacent to the normal neural crest migratory pathway (Fig. 2D,
arrow). Sister cells that were cultured in vitro for approximately2 h also stained for I22 in the cytoplasm (Fig. 2E) but did not
stain for N-cadherin (data not shown). They assumed a
fibroblastic morphology, and extended processes to adjacent
cells. Numerous cultured cells remained I22-positive after 16 h,
but fewer cells remained I22-positive after 40 h. By 90 h, they
did not stain for I22 (data not shown).
Stromal keratocytes change phenotype when transplanted to
early embryonic environments
In the chick cornea, stromal keratocytes begin to secrete
extracellular matrix at about E6 such that by E10 they are
entirely enveloped (Hay, 1980; Linsenmayer et al., 1998). In
response to corneal injury, stromal cells adjacent to the wound
undergo an injury response such that: (1) they down-regulate
expression of KSPG and begin to express other markers such
as smooth muscle actin (Jester et al., 1995); and (2) they
exhibit fibroblastic morphology as they divide and migrate
into the acellular space (Wilson and Kim, 1998). We
examined embryos at various stages of development follow-
ing injection to determine whether stromal keratocytes
maintain or lose their stromal properties and whether they
are able to acquire a neural crest phenotype in the new
embryonic environment. We characterized their patterns of
migration, proliferation, and localization over time in con-
junction with expression of molecular markers (I22 as a
KSPG marker, HNK-1 as a neural crest marker, and
phosphohistone-H3 as a marker for mitotic cells).
Sixteen hours after injection (n = 19), the majority of
QCPN-positive cells remained tightly clumped (Figs. 3A and
B, asterisk), though some appeared to dissociate from the
mass as if to start migrating as individual cells. They mixed
with host cranial mesenchyme and were close to but did not
intermix with the endogenous neural crest. At this time,
numerous individual QCPN-positive cells were I22-negative
(Fig. 3B), suggesting they may be losing this marker and
perhaps changing phenotype. However, some of the cells
that migrated away from the cell mass remained I22-positive
(Fig. 3B, arrowhead).
To determine whether cell division is required during the
loss of keratocyte phenotype, we immunostained embryos
16 h after injection (n = 5). Interestingly, both the cells that
remained I22-positive (Figs. 3D and E, arrowhead) and I22-
negative (Figs. 3D and E, arrow) stained positive with the
phosphohistone-PH3 antibody. Similarly, cells in culture pulsed
with BrdU for 16 h showed approximately equal numbers of
I22-positive and I22-negative cells undergoing mitosis (data
not shown). These results suggest that the loss of stromal
phenotype by injected keratocytes does not necessarily
correlate with a change in cell division.
By 40 h post-injection (n = 11), those QCPN-positive cells
that remained clumped continued to express I22 and appeared
to secrete it in the surrounding extracellular matrix (Fig. 3C,
asterisk), whereas the majority of cells that individualized
failed to express the I22 antigen. At this time, individual
QCPN-positive cells were extensively spread out in the
embryonic mesenchyme. Some cells contributed to the lining
Fig. 3. Sections through quail/chick chimeras showing migration, proliferation, and loss of KSPG antigen by stromal keratocytes in the novel embryonic
environment. (A–B) Low and high magnification views of a transverse section through a stage 12 chimera showing that majority of QCPN-positive cells have
migrated away from the injected cell mass (asterisk), are I22-negative and do not intermix with HNK-1-positive migratory neural crest cells. (C) Section through a
stage 17 chimera showing QCPN-positive cells in the head mesenchyme, blood vessel (arrowhead), periocular mesenchyme (arrow); a large aggregate of cells has
remained clumped and retained I22 staining (asterisk) but no quail cells were found in the trigeminal ganglion (Tg). (D–E) Section through a stage 12 chimera
showing phosphohistone-H3 staining of I22-negative and I22-positive cells, indicating that both aggregated and dispersed quail cells are dividing. e, eye.
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present among the cells of the periocular mesenchyme (Fig.
3C, arrow). However, they did not co-localize with neural crest
cells in the trigeminal ganglion. These results suggest that a
community effect may influence the expression of the I22
antigen by corneal keratocytes, such that those that remain in
contact with neighboring keratocytes retain their endogenous
properties whereas those that leave the aggregate lose their
stromal characteristics.
Injected stromal keratocytes contribute to the developing
cornea, iris, and ciliary muscles
To determine whether the injected stromal keratocytes
contribute to the cornea, the eye region of host embryos was
examined at developmental stages corresponding to the times
of neural crest invasion. Endogenous neural crest cells that
contribute to the cornea pause in the periocular region at E3
(Fig. 1B) for about 1 day prior to invasion of the eye (Hay,
1980). In contrast with the HNK-1-positive endogenous neural
crest cells that remained in the periocular mesenchyme (Fig.
4A, arrowhead), QCPN-positive cells were located between the
optic vesicle and superficial ectoderm as early as E2.5 or 28h after injection (Fig. 4A, arrow). At this time, some of the
QCPN-positive cells were I22-positive. By E3 (approximately
40 h after injection), QCPN-positive cells that were I22-
negative migrated into the eye region between the presumptive
corneal epithelium and lens (Fig. 4B, arrow). These results
indicate that, unlike the endogenous neural crest, injected quail
stromal keratocytes prematurely invade the cornea. Thus,
keratocytes appear capable of migration through regions that
are non-permissive for neural crest cells at the same stage.
Because the QCPN-positive cells that migrated into the eye
were I22-negative at E3, we asked whether they expressed the
endothelial marker N-cadherin that normally is expressed as
early as E3 in the presumptive corneal endothelium (Fig. 4C,
asterisk). Indeed, the QCPN-positive cells migrating towards
the presumptive cornea were also N-cadherin-positive (Fig. 4C,
arrow), suggesting that the injected stromal keratocytes were
already expressing some endothelial markers during migration.
By E7 (n = 14), all three cellular layers of the cornea have
formed (Fig. 1F and Hay, 1980). At this time, the endothelial
cells have formed tight junctions and express N-cadherin
(Beebe and Coats, 2000) that distinguishes them from the other
corneal layers. Similarly, the stromal cells have changed from
mesenchymal neural crest cells to keratocytes with thin and
Fig. 4. Injected stromal keratocytes contribute to the cornea and other ocular tissues. (A) Stage 13 chimera showing QCPN-positive cells (arrow) that have migrated
into the space between the optic vesicle and epithelium whereas the HNK-1-positive neural crest cells (arrowhead) remain in the periocular region; some but not all
are I22 positive. (B–C) Section through E3 eyes showing that QCPN-positive cells (arrow) prematurely migrate into the eye and express the endothelial cell marker
N-cadherin in the periocular region (asterisk) prior to entry (arrow and inset). (D) Section through E7 eye showing that injected quail stromal cells contribute to the
corneal endothelial layer but express N-cadherin at a much lower level (arrowhead) than endogenous neural crest (asterisk); they also contribute I22-positive cells to
the stroma (arrows). (E) Section through E15 eye showing that injected stromal keratocytes contribute to the stroma of the iris and (F) to the ciliary muscles. Ov, optic
vesicle; L, lens; Ep, epithelium; S, stroma of the iris; Cm, ciliary muscle.
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keratocytes express I22 in their cytoplasm (Funderburgh et al.,
1986), which facilitates identification of individual cells
compared with the later stages when they begin to secrete
keratan sulfate proteoglycan into the surrounding matrix.
In sections, QCPN-positive cells were present in both the
endothelial and stromal cell layers of E7 corneas (Fig. 4D). The
majority of the QCPN-positive cells in the stroma had the
characteristic thin elliptical or bean-shaped keratocyte nuclear
morphology (Lwigale, 1999) and were I22-positive (Fig. 4DV,
arrows) suggesting that they had differentiated into keratocytes.
The QCPN-positive cells that contributed to the endothelial cell
layer were N-cadherin-positive (Fig. 4DV, arrowhead) but to a
lesser extent than the endogenous chick neural crest-derived
endothelium (Fig. 4DV, asterisk) and did not express I22.
Unlike the endogenous neural crest-derived endothelial cell
monolayer that was tightly packed, the layer formed by the
QCPN-positive cells appeared loosely packed with gaps
between the cells (Figs. 4D and DV). In the E15 corneas, the
injected cells contributing to the endothelial layer showed
patchy staining for N-cadherin, did not stain with I22, and were
loosely packed compared to the endogenous neural crest-
derived endothelial layer (data not shown). These results
suggest that after losing their keratocyte phenotype in the
embryonic environment, the injected stromal cells can differ-
entiate into keratocytes when they migrate into the stroma.However, those cells that populate the endothelium do not
appear to form the characteristic tightly packed monolayer.
Sections through E15 eyes showed QCPN-positive cells in
the stroma of the iris (Figs. 4E and EV, arrows) and ciliary
muscle (Fig. 4FV, arrows). In both of these neural crest-derived
tissues (Johnston et al., 1979), some of the QCPN-positive cells
(approximately, 40%) were also positive for MF20 suggesting
that they had differentiated into myofibrils.
Injected stromal keratocytes contribute to the cranial blood
vessels and heart
Cranial neural crest cells contribute to the muscular and
connective walls of blood vessels (Le Lie`vre and Le Douarin,
1975; Etchevers et al., 2001). After injection of quail stromal
keratocytes, QCPN-positive cells were observed in the lining of
cranial blood vessels (Fig. 3C, arrowhead). These cells were
I22-negative as early as 40 h after injection and had the
morphological appearance of endothelial cells. Since the blood
vessels do not stain with the smooth muscle marker early in
development, we analyzed embryos at E7. Sections through the
head region revealed numerous QCPN-positive cells in the
tissues located behind the eye (Fig. 5A) but only those lining
major blood vessels stained for smooth muscle actin (Fig. 5A,
arrows; Fig. 5B), confirming their identity as smooth muscle
cells.
Fig. 5. Injected stromal keratocytes contribute to the cranial blood vessels and
cardiac cushion mesenchyme. (A–B) Section through E7 head showing
numerous QCPN-positive cells in the tissues near the eye but only the cells in
the blood vessels (arrows) are positive for smooth muscle actin (SMA). (C)
Section through stage 17 embryo showing QCPN-positive cells in the cardiac
cushion mesenchyme surrounded by MF20-positive cells of the myocardium
(arrowhead). e, eye; ta, trancus arteriosus.
Fig. 6. Injected stromal keratocytes do not contribute to neurons and
cartilage but contribute to some branchial arch derivatives. (A–B) Section
through stage 17 embryo showing that QCPN-positive cells fail to
condense with TUJ1-positive cells of the trigeminal ganglion. The few
cells in the ganglion are TUJ1-negative (arrows). (C–D) Sections through
E5 embryo showing aggregates of QCPN-positive cells (arrowhead) that are
type II collagen-negative in the forming cartilage. QCPN-positive cells
contribute to the branchial arch blood vessels (asterisk) and MF20-positive
myofibroblasts (arrows) that form adjacent to the cartilage but not to the
trigeminal nerve. Vm, maxillo-mandibular branch of trigeminal ganglion;
Vo, ophthalmic branch of trigeminal ganglion; Vn, trigeminal nerve. Q,
quadrate.
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cardiac cushion mesenchyme (Waldo et al., 1998). We found
that injected stromal cells migrated to the heart and localized
within the cardiac cushion mesenchyme. Sections through the
heart 40 h after injection revealed several QCPN-positive/I22-
negative cells in the cardiac cushion mesenchyme, a location
normally occupied by cardiac neural crest cells (Fig. 5C). This
mesenchyme was surrounded by a myocardium wall, which is
MF20-positive.
Injected stromal keratocytes do not form neurons or cartilage
Injected stromal keratocytes migrate adjacent to but do not
intermix with endogenous neural crest cells that contribute to
the trigeminal ganglion (Fig. 3E) and branchial arches. We
found that although they were able to migrate into the
branchial arches and in the vicinity of the trigeminal ganglion,
they failed to form cartilage or neurons. Sections through
chimeras 40 h after injection showed numerous QCPN-
positive cells lining the blood vessels adjacent to the
condensing trigeminal ganglion and other tissues (Fig. 6A),but very few cells integrated into the ganglion itself; none of
the QCPN-positive cells stained with the neuronal marker
TUJ-1 (Fig. 6B, arrows).
Neural crest cells begin to condense and form cartilage of
the lower jawbones as early as E4 (Mina et al., 1991). In E5
embryos, we found injected QCPN-positive stromal kerato-
cytes within the branchial arch intermixed with mesenchyme,
where they contributed to some blood vessels (Fig. 6C,
asterisk), but generally avoided the condensing cartilage. In
some cases, QCPN-positive cells formed aggregates within
the condensing cartilage but these failed to stain with the
cartilage marker, collagen type II (Figs. 6C and D, arrow-
heads). Some QCPN-positive cells localized within the jaw
muscle and were MF20-positive (Fig. 6D, arrows), suggesting
that they can contribute to and differentiate into jaw muscles
but not cartilage. Similarly, some QCPN-positive cells
localized alongside the trigeminal nerve and MF20-positive
cells and may represent Schwann cells, connective tissue, or
undifferentiated cells.
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Here, we challenge the developmental potential of embryonic
corneal stromal keratocytes by grafting them to younger
embryos onto chick neural crest migratory pathways. We find
that stromal keratocytes localize in many sites normally
populated by cranial neural crest cells and contribute to the
cornea, smooth muscle and myofibrils, but fail to form neurons
or cartilage. This suggests that they retain the multipotency of
the neural crest precursors from which they are derived as
partially restricted progenitors.
Temporal contribution of neural crest cells to the endothelial
and stromal layers during cornea development
As a first step toward understanding normal corneal
development, we used quail-chick transplantation to examine
the time-course of neural crest contribution to the cornea.
When quail dorsal neural tubes were isotopically grafted into
chick hosts, the resultant neural crest cells contributed to the
cornea as previously described (Johnston et al., 1979; Hay,
1980). We find that QCPN-positive quail neural crest cells
initially pause in the periocular region until about E4, and then
begin to invade the region between the epithelium and lens. By
E5, QCPN-positive cells have formed the corneal endothelial
layer. Subsequently, at E6, QCPN-positive cells are situated
between the endothelial layer and epithelium thus forming the
secondary stroma. This is possibly as a result of the continuous
migration (Bard and Hay, 1975) of neural crest cells from the
periocular region into the presumptive cornea. By E7, an
embryonic cornea that is comprised of three distinct cellular
layers is formed. Thus, with the exception of the epithelium,
the corneal endothelium and stromal keratocytes are entirely of
neural crest origin.
Keratocytes lose their stromal phenotypes as they migrate and
proliferate in the embryonic environment
Upon migrating into the periocular region, neural crest cells
lose their mesenchymal morphology and appear fibroblastic
(Bard and Hay, 1975). They start to synthesize and secrete
extracellular matrix in which they become enveloped. Impor-
tantly, stromal keratocytes synthesize and secrete modified
keratan sulfate proteoglycans at E6 (Funderburgh et al., 1986),
which are unique to the cornea (Funderburgh et al., 1991).
Classically, keratocytes are considered to be differentiated
based on their change in morphology and synthesis of cornea-
specific extracellular molecules.
We challenged embryonic stromal keratocytes by injecting
them alongside the dorsal neural tube prior to migration of the
endogenous neural crest cells. As early as 6 h post injection,
the quail keratocytes appeared to initiate migration away from
the cell mass at the injection site. Numerous cells had
migrated away from the cell mass by 16 h post-injection and
moved into the surrounding head mesenchyme alongside
migratory neural crest cells. Unlike the cells that remained in
the cell mass, the majority of individual stromal keratocytesceased to synthesize keratan sulfate proteoglycan, suggesting
that they had changed their phenotype consistent with
dedifferentiation. No differences were noted in the proliferation
rate of I22-positive or -negative stromal cells. Furthermore, quail
cells neither intermixed with the endogenous neural crest cells
nor expressed the HNK-1 marker. This suggests that they did not
revert to a true neural crest phenotype after losing their
keratocyte properties. By 40 h after injection, stromal cells that
were I22-negative had migrated further away from the injection
site and some cells contributed to neural crest-derived tissues
such as the lining in cranial blood vessels and the periocular
mesenchyme. However, they did not condense with trigeminal
neural crest. Those stromal cells that remained in the injected cell
mass continued to express KSPG and appeared to retain
keratocyte properties.
Based on these results, we propose that embryonic stromal
keratocytes are capable of losing their phenotypic traits,
migrating and proliferating when grafted into an embryonic
environment. This suggests that they retain quiescent progen-
itor cell properties while in the cornea and that these may be
unmasked by injury or dissociation. Consistent with this
possibility, wounding of the cornea results in down-regulation
of KSPG expression in keratocytes adjacent to the site of injury
(Jester et al., 1995); these cells then assume a fibroblastic
morphology as they divide and migrate into the acellular space
(Wilson and Kim, 1998). In contrast to wound healing,
however, where corneal keratocytes re-express KSPG after
repopulating the wound site (Wilson et al., 2001), keratocytes
introduced into the embryonic environment do not re-express
KSPG after migrating away from the cell mass, form some
normal neural crest derivatives, but fail to contribute to other
lineages. Only those stromal keratocytes that remain aggrega-
ted maintain their corneal phenotype, likely because they retain
cell–cell contacts.
Injected stromal keratocytes contribute to the cornea and other
ocular tissues
Unlike neural crest cells that invade the developing eye at
about E4 (Hay, 1980), injected stromal keratocytes were
observed in the space between the optic vesicle and overlying
ectoderm as early as 28 h post injection. By E3, many injected
stromal cells prematurely entered this region between the lens
and ectoderm and were N-cadherin positive, suggesting they
had become endothelial cells. By E7, the injected stromal cells,
like the neural crest cells, contribute to the endothelium and
stroma layers of the cornea, though they lacked I22 expression
and their N-cadherin levels was lower than that of the
endogenous neural crest. By E15, the quail cells in the
endothelial layer maintained low levels of N-cadherin expres-
sion but did not form the tight cell layer characteristic of
endogenous neural crest-derived endothelial layer. In contrast,
the quail cells in the stroma where I22-positive, suggesting that
they can differentiate into corneal keratocytes. Injected
keratocytes also localized to myofibrils in the stroma of the
iris and ciliary muscles, both tissues are of neural crest origin
(Johnston et al., 1979).
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the cranial blood vessels
Cranial blood vessels and aortic arches are of neural crest
origin (Le Lie`vre and Le Douarin, 1975; Noden, 1978; Kirby
and Stewart, 1983; Etchevers et al., 2001). Injected stromal
keratocytes that migrated ventrally were seen to contribute to
the dorsal and ventral aorta (data not shown) as early as 16 h post
injection. These may be responding to the inductive signals such
as VEGF and TGF-h in that environment to form smooth
muscle. By E7, the majority of the cranial blood vessels were
comprised of injected cells that stained positive for smooth
muscle actin, suggesting that they had differentiated into smooth
muscle. Similarly, during cornea wound repair, stromal kerato-
cytes respond to TGF-h secreted by the injured epithelium
(Stramer et al., 2003) and form myofibroblasts (Wilson et al.,
2001) that stain positive for smooth muscle actin (Jester et al.,
1995). When cultured in media containing TGF-h, neural crest
cells (Shah et al., 1996; Jain et al., 1998; Deng et al., 2004) and
stromal keratocytes (Funderburgh et al., 2001; Pei et al., 2004)
can acquire myofibroblastic morphology and stain positive for
smooth actin. We propose that quiescent stromal keratocytes are
capable of forming myofibrils necessary for wound closure in
the cornea but retain the ability to respond to signals from the
embryonic environment. Thus, it is possible that they form
smooth muscles of the blood vessels in response to TGF-h,
which has been shown to promote a smooth muscle fate (Yang
and Moses, 1990; Conconi et al., 2005; Mann et al., 2004).
Cardiac neural crest cells migrate into the pharyngeal arches
and contribute to the blood vessels, connective tissue and
cardiac cushion mesenchyme (Le Lie`vre and Le Douarin,
1975; Kirby and Stewart, 1983). Neural crest cells in the
cardiac cushion mesenchyme later participate in the septation
of the outflow tract (Kirby and Stewart, 1983; Waldo et al.,
1998). Injected stromal keratocytes migrated similarly to
endogenous neural crest cells through the pharyngeal arches
and into the primitive heart where they localized within the
cardiac cushion mesenchyme between the endocardium and
myocardium. The injected cells did not stain for I22 and caused
no apparent heart defects (Kirby, 1989). Nonetheless, we were
not able to follow the differentiation of these cells due to lack
of good markers for cardiac cushion cells.
Injected stromal keratocytes do not form trigeminal neurons
A subset of cranial neural crest cells migrates ventro-
laterally and condenses to form the trigeminal ganglion
(Noden, 1975). Injected stromal keratocytes that migrated
ventro-laterally into the region of the trigeminal ganglia failed
to condense with the endogenous neural crest cells. On rare
occasions, a few injected cells were present in the trigeminal
ganglion but these were TUJ1-negative. This inability to
condense with the trigeminal neural crest could be a result of
their failure to respond to environmental cues that instruct the
neural crest to cease migrating and/or to become neurons.
When branchial arch neural crest cells were grafted back into
embryos (Mckeown et al., 2003) or cultured in neuron-promoting media (Deng et al., 2004), they failed to condense
with the trigeminal neural crest and/or form neurons, suggest-
ing the ability to condense and differentiate into neurons may
require complex signaling that are limited to the early
migrating neural crest cells.
Injected stromal keratocytes do not form branchial arch
cartilage but contribute to myofibrils of the jaw muscles
Numerous injected stromal cells invaded the branchial
arches. By E5 QCPN-positive cells were located in the
condensing cartilage, myofibrils, and lining of blood vessels
but generally avoided the trigeminal nerve with the exception
of a few cells that lined the nerve and may be Schwann cells.
Injected cells formed aggregates in the condensing cartilage,
but these failed to express type II collagen, indicating that they
did not form cartilage. In contrast, QCPN-positive cells
contributed to the jaw muscles adjacent to the condensing
cartilage. Some cells were MF20-positive indicating that they
had differentiated into muscle and connective tissue. Injected
stromal cells migrated into the branchial arches at the same
time as the neural crest cells and, therefore, were subjected to
the same environmental cues. This suggests that injected
keratocytes cells are multipotent but cannot form all neural
crest-derivatives.
Conclusions
Our results show that when grafted into an embryonic
environment, neural crest-derived stromal keratocytes can
migrate, proliferate and lose their keratocyte traits. They are
not bona fide neural crest cells but appear to be partially
restricted progenitors that can give rise to multiple neural crest
derivatives. Following change of their keratocyte properties,
injected stromal cells can differentiate into stromal keratocytes
and to a lesser extent, into endothelial cells of the cornea. In
addition, they can form smooth muscles of blood vessels,
myofibroblasts of the iris, ciliary and jaw muscles, and also
contribute to the primitive heart. In contrast stromal keratocytes
do not form trigeminal neurons or branchial arch cartilage.
These results suggest that stromal keratocytes retain a larger
developmental potential than they express during corneal
wounding, which may be correlated with their ability to
regenerate throughout life.
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